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Intriguing properties of the misfit layered chalcogenide (LaS)1.196VS2 crystals were investigated
by transport, optical measurements, angle-resolved photoemission (ARPES) and x-ray diffraction.
Although no clear anomaly is found in transport properties as a function of temperature, a large
spectral weight transfer, up to at least 1 eV, is observed by both optical and photoemission spec-
troscopies. ARPES reveals that a nearly filled band with negative curvature, close enough from the
Fermi level at 300K to produce metallic-like behaviour as observed in optical conductivity spectra.
At low temperature, the band structure is strongly modified, yielding to an insulating state with a
optical gap of 120 meV. An accurate (3+1)D analysis of x-ray diffraction data shows that, although a
phase transition does not occur, structural distortions increase as temperature is decreased, and va-
nadium clusterization is enhanced. We found that the changes of electronic properties and structure
are intimately related. This indicates that structural distorsion play a major role in the insulating
nature of (LaS)1.196VS2 and that electronic correlation may not be important, contrary to previous
belief. These results shed a new light on the mechanism at the origin of non-linear electric properties
observed in (LaS)1.196VS2.
I. INTRODUCTION
The control of the electronic state of materials by an
external perturbation has attracted considerable atten-
tion due to the possibility it offers to build novel elec-
tronic devices. One of the most famous examples is the
colossal magnetoresistance observed in manganese per-
ovskite oxides1–3. In this case, the resistivity can decrease
by orders of magnitude under magnetic field. So far most
of the work have focussed on the effect of magnetic field
or pressure4–9. But recently another external perturba-
tion, namely electric field, has attracted much attention,
because of possible applications in the field of Resistive
Random Access Memory. Indeed, numerous works have
reported changes in resistivity of several orders of magni-
tude upon application of a strong electric field in transi-
tion metal oxides or chalcogenides10–16. For example in
Pr0.7Ca0.3MnO311 and La2−xSrxNiO416, resistive swit-
ching were observed that may involve a dielectric break-
down of the charge ordered state, and collective depin-
ning of holes on charge stripes, respectively. In the Mott
insulator AM4X8 compounds, the electric field induced
resistive switching is believed to result from a local Mott
metal-insulator transition17–21. The underlying physical
mechanisms of these phenomena are not yet fully un-
derstood, but all these studies point out that the me-
chanism is intimately related to the peculiar electronic
ground state of these transition metal compounds.
Recently, we have discovered that (LaS)1.196VS2 exhi-
bits an electric field induced resistive switching at low
temperature 22. (LaS)1.196VS2 belongs to the series of
misfit layered chalcogenides compounds of general for-
mulae (LnX)1+xTX2 (Ln = rare earth ; X = S, Se ; T
= Ti, V, Cr, Nb, Ta)23. As displayed in figure 1, the
crystal structure of (LaS)1.196VS2 results in a regularly
alternated stacking of rock salt type layers (LaS) and
CdI2 types layers (VS2) along the c- axis24. Both VS2
and LaS layers have different sub-cell parameters along
the a direction and their ratio (a(VS2)/a(LaS)) is ir-
rational. This mismatch between both layers is respon-
sible for the incommensurability of (LaS)1.196VS2 along
the a direction and leads to a striking modulation of
the vanadium atoms (see Fig. 1b). In (LaS)1.196VS2, a
strong charge transfer exists from the LaS slab to the
VS2 slab leaving the d bands of the vanadium atoms
partially filled. This should confer a metallic charac-
ter to (LaS)1.196VS2. However, so far, reports about
the electronic state of (LaS)1.196VS2 are contradictory.
Room temperature reflectivity measurements25 and ma-
gnetic susceptibility measurements support a metallic
character26. Conversely, transport measurements reveal a
semiconductor-like behaviour26, and Photoemission spec-
troscopy suggest that (LaS2)VS1.19 is a strongly cor-
related system27,28. The nature of the ground state of
(LaS)1.196VS2 still remains to be clarified which prevails
the classification of (LaS)1.196VS2 among existing models
of resistive switching i.e. breakdown of the charge orde-
red state, collective depinning of holes on charge stripes
2Figure 1. Crystallographic structure of (LaS2)VS1.19.
or local Mott Metal-insulator transition. In that respect
a better understanding of the electronic ground state of
(LaS)1.196VS2 is urgently needed.
The purpose of this paper is to investigate in details
the structural and electronic properties of (LaS)1.196VS2
single crystals. We report optical and photoemission ex-
periments that demonstrate that (LaS)1.196VS2 is neither
a metal nor a correlated system, but behaves more like
a band insulator whose band gap increases at low tem-
perature. Our temperature X-ray diffraction experiments
reveal that this band gap increase is related to the reinfor-
cement of the Vanadium clusterization within the vana-
dium hexagonal VS2 layer. Moreover, our work shed some
light on the resistive switching found in (LaS)1.196VS2.
It suggests that this phenomenon originates from a field
assisted thermal weakening of the vanadium clusters and
from the concomitant charge release.
II. EXPERIMENTAL DETAILS
Pure powder of (LaS)1.196VS2 was obtained at 1200◦C
from the sulfurization under H2S gas of a mixture of bi-
nary oxides La2O3 and V2O5. Millimeter size crystals
were grown by re-heating for ten days in a gradient fur-
nace (950◦C-850◦C) the reaction-product combined with
a small amount of iodine (≤3 mg.cm−3) to favor crystal-
lization.
The (LaS)1.196VS2 crystals used for transport measu-
rements were contacted using 50 µm gold wires and silver
paste. The low-bias resistance of the (LaS)1.196VS2 was
measured using a source-measure unit Keithley 236 by
a standard four-probe technique. We checked that the
contact resistances were much smaller than the sample
resistance.
Single crystal diffraction experiments were performed
on the same crystal thanks to a four circles FR 590 No-
nius CAD-4F Kappa-CCD diffractometer between 90K
and 300K, using Mo Kalpha radiation (0.071069 nm wa-
velength). All data treatments, refinement, and Fourier
synthesis were carried out with the JANA2006 chain
program29. A detailed procedure for data treatment and
refinement can be found in 24.
Angle-resolved photoemission spectra were recorded at
the CASSIOPEE beamline of SOLEIL synchrotron with
a SCIENTA-R4000 analyser and a total energy resolu-
tion of 15meV. Single crystals were cleaved in-situ and
the absence of iodine (used during the synthesis) at the
surface was checked through core-level analysis. Reprodu-
cible dispersions were obtained from 3 different samples.
Charging effects were only observed below 20K. The re-
ference Fermi level (EF ) was measured on the scraped
copper plate onto which the samples were glued.
Near normal incidence reflectivity spectra were mea-
sured on 2*2 mm2 ab−plane mirror-like surface of
(LaS2)VS1.19 single crystals, using a BRUKER IFS 66v/S
in the range 15 cm−1- 55000 cm−1, between 10K and
300K. After the initial measurement, the sample was coa-
ted in situ with a gold/aluminium film and remeasured at
all temperatures. These additional data were used as refe-
rence mirrors to calculate the reflectivity in order to take
into account light scattering on the surface of the sample.
Optical conductivity spectra were obtained consistently
by both Kramers-Kronig analysis and Drude-Lorentz fit
procedure.
III. RESULTS
The electronic properties of (LaS)1.196VS2 are puzz-
ling. Reported dc conductivity measurements26 point out
an insulating behaviour while magnetic susceptibility26,
early photoemission27,28 and optical conductivity25 mea-
surements performed on polycrystalline samples indicate
a finite density of states at the Fermi level. In order to cla-
rify the electronic ground state of (LaS)1.196VS2, optical
and dc conductivity, as well as angle-resolved photoemis-
sion and structural measurements were reinvestigated as
a function of temperature on large single crystals.
First, several crystals were contacted with four elec-
trodes to check the electrical behaviour. As shown in
Fig.2, the resistivity exhibits a semiconductor-like beha-
viour and do not show any clear anomaly on the investi-
gated temperature range. At low temperature, the resis-
tiviy can be analyzed following a variable range hopping
conduction mechanism given by :
ρ = ρ0e
(T0T )
α
(1)
where the exponent α can be obtained from the slope
(= −(1+α)) of ln
(
dlnρ
dT
)
vs ln(T ). Below 50K, we found
α = 0.52±0.02, which indicates that the resistivity is do-
minated by an Efros-Shklovskii variable range hopping
3Figure 2. Resistivity versus temperature measured on a
(LaS2)VS1.19 single crystal. Inset : Plot of ln
(
−
dlnρ
dT
)
vs
ln(T ). The dashed line is a linear fit of data at low tempera-
ture.
mechanism (ES-VRH)30. Such behaviour usually high-
lights the important role of both disorder and long range
coulomb interactions at low temperature. These results
are fully consistent with prior measurements reported in
the literature and therefore clearly attest of the quality
of the crystals22,26.
We have subsequently performed optical conductivity
measurements. Figure 3(b) displays the optical conduc-
tivity spectra recorded from 300K to 10K on a freshly
cleaved crystal of (LaS)1.196VS2. On a large energy scale
a crude comparison of these data with ab-initio band
structure calculations performed on the nearest commen-
surate supercell using LMTO-ASA method26,31, show a
quite good agreement(Fig.3(a)). Indeed, excitations ob-
served below 10000 cm−1, at 16000 cm−1, 30000 cm−1
and 48000 cm−1 are assigned to transitions within V t2g
bands, V t2g →V eg, S 3p →V t2g and S 3p →V eg,
respectively.
Besides these general features, low energy electrody-
namics exhibits a surprisingly strong temperature de-
pendence. Above 200K, the optical spectra reveal a
metallic-like character. Indeed, the far infrared conduc-
tivity is rather large, and extrapolation of the optical
conductivity to ω → 0 reaches 800-900 Ω−1cm−1, in
fairly good agreement with the σdc values. However, the
optical conductivity exhibits a maximum at finite fre-
quency (1500 cm−1) and can not be successfully des-
cribed by the usual Drude model. Such an anomalous
shape of σ(ω) is usually attributed to disorder indu-
ced localization32–34, strong electronic correlations35–39or
strong electron-lattice coupling(polarons)40–44.
As temperature is decreased, a massive spectral weight
transfer to high energy occurs, and a optical gap of 120
meV, estimated by extrapolating the steeply increasing
part of σ(ω) to zero (dashed line in fig4(a), opens at 100
K. In order to quantify the modifications of low energy
absorption, we define the effective density of charge car-
riers involved in the conductivity below ωc :
neff (ωc) =
2me
pie2
∫ ωc
0
σ′(ω)dω (2)
where ωc is a cut-off frequency, me is the bare electron
Figure 3. (a) ab-initio LMTO-ASA band structure calcula-
tions. α, β, γ, η denote the optical transitions. (b)Optical
conductivity up to 50000cm−1 at 10 K, 100 K, 150 K, 200 K,
250 K and 300 K.
Figure 4. (a) Optical conductivity in the far- and mid-
infrared region. (b) Charge carrier effective density neff(ωc)
as function of the cut-off frequency ωc at 10 K, 100 K, 150 K,
200 K, 250 K and 300 K.
4mass. As shown in Fig.4, there is a considerable evolution
at low frequencies. At 300K, choosing ωc =0.7 eV corres-
ponding to the bandwidth found in ARPES(see below),
we found neff=2.5.1021 cm−3, which is smaller than for
a usual metal, but significantly larger than for a semi-
conductor. At low temperature, the far infrared spectral
weight appears to be suppressed. According to the f-sum
rule, neff (∞)= const, the total area under σ(ω) must
remain constant. Here, the spectral weight disappearing
from the far infrared region is transferred to energies far
above the gap value and the missing spectral weight is
not recovered up to at least 1 eV (Fig. 4(b)). This implies
that a temperature change of 200K-300K produces a tre-
mendous modification of the optical conductivity over an
energy scale exceeding 1 eV (12000 K).
On the one hand, such features (temperature depen-
dence, spectral weight transfer) are hard to reconcile
with a simple disorder induced localization picture. Ac-
tually, such unusual spectral weight transfer on large
energy scale is known to occur in strongly correlated
systems37,38,45–47. On the other hand, these results can
however not be satisfactory explained by only invo-
king strong correlations, since the low frequency spectral
weight is expected to grow at low temperature for doped
Mott insulators, at variance with our observation.46,48,49
Thus, neither disorder, nor electronic correlations alone
can explain the puzzling properties of (LaS)1.196VS2.
Angle resolved photoemission studies bring useful com-
plementary light on this behavior. Three crystals of
(LaS)1.196VS2, taken form the same batch were cleaved
in vacuum to undertake these measurements. Figure 5a
displays representative energy-momentum intensity plots
around the Brillouin Zone center Γ (a more detailed ana-
lysis of the band structure will be given elsewhere50).
At 300K, a band with negative curvature approaches EF
near kF=0.2Å−1 (white dotted line) as if to form a small
hole pocket around Γ. However, it does not really cross
EF , as shown by the small spectral weight present at EF
in the energy distribution curve taken at this k value (Fig.
5b). This shows that the electronic structure is domina-
ted by a nearly filled band, a situation where one would
not expect a Mott insulator to form. On the other hand,
the band dispersion is quite clear, ruling out a comple-
tely disordered case. These two findings fully support our
previous conclusions from optical spectroscopy.
When the temperature is lowered, the band shifts down
almost uniformly by almost 100meV (Fig. 5a), opening
a much larger gap near kF (Fig. 5b). Such an evolution
will produce a redistribution of spectral weight over the
energy scale of at least the entire band width (0.7eV),
in good agreement with optical spectroscopy. If the mid-
point of the leading edge is taken as a measure of this ap-
parent gap, it increases from 20meV at 300K to 160meV
at 100K. We note that 20meV is smaller than room
temperature (25 meV), so that there will be many car-
rier thermally excited across the gap at this tempera-
ture. This high temperature pseudogap explains well the
metallic-like spectra observed above 200K in optical spec-
Figure 5. (a) Energy-momentum images of the dispersion
across the Zone center Γ at 300K (left) and 100K (right), mea-
sured with a photon energy of 92 eV. (b) Energy distribution
curves (EDC) along the dotted lines for the 2 temperatures.
troscopy. As the dispersion keeps a similar shape at high
and low temperatures, we conclude that there is no dra-
matic reorganization of the electronic structure, but a
gradual opening of a larger and larger gap.
Both ARPES and optical conductivity measurements
then suggest that (LaS)1.196VS2 is at the verge of a
temperature induced insulator to metal transition, al-
though electronic correlations may not be particularly
strong. Moreover, the temperature dependence of the
optical conductivity shares some similarity with that
encountered in CDW, charge order or stripes systems
such as Pr1−xCaxMnO342,54 or La2NiO4+δ55,56. Hence,
the striking electronic properties of (LaS)1.196VS2 might
be related to structural changes. A single crystal of
(LaS)1.196VS2 was therefore mounted on a nonius CCD
X-ray diffractometer and several data sets were collec-
ted down to 90K. At all temperatures the data were
consistent with the triclinic symmetry and could be in-
dexed in a (3+1)-D space using similar unit cell and
modulation parameters as those used in our previous
study at 300K (see reference24 : a≃3.41, b≃5.84, c≃11.19,
α ≃95.1◦, β ≃84.8◦, γ ≃90.0◦ and the following modula-
tion vector q≃0.59 a* - 0.0 b*+ 0.0 c*). Figure 6 presents
the evolution of the a and b cell parameters between 300K
and 90K. All parameters show smooth evolutions and no
sign of structural phase transition was detected in the
temperature range 90K-300K. Despite this lack of phase
transition we have undertaken structural refinements of
the low temperature data. The refinement procedure is
described in detailed in our previous work focused on the
room temperature data24. At 300K, the most striking
5Figure 6. Evolution of the structure of (LaS)1.196VS2 bet-
ween 300K and 90K (a) Temperature dependence of LaS and
VS2 layers in-plane cell parameters. (b) Temperature depen-
dence of the shortest and the longest vanadium-vanadium dis-
tance dminV−V and dmaxV−V . (c) Comparison of V-V dis-
tances observed within (plain lines) and between (dashed
lines) some representatitve vanadium tetramers formed at 300
and 90K.
feature of the (LaS)1.196VS2 structure is the large displa-
cement modulation of the vanadium atoms along the b
direction. Figure 1(b) highlights that the atomic vana-
dium columns form along the a direction sinusoidal-like
waves with a strong modulation amplitude in the b di-
rection. Two adjacent vanadium atomic columns are out
of phase which leads to short and long V-V distances
where the atomic columns get closer and farther, res-
pectively. In figure 1(b) the shortest V-V distances are
drawn which emphasizes the formation of tetramers clus-
ters with three short V-V distances. This figure shows
also that two subsequent tetramer clusters along the b
axis are separated by the longest V-V distances. Inter-
estingly, our structural work demonstrates that the va-
nadium displacement modulation is strongly reinforced
as the temperature decreases from 300K to 200K. Figure
6 shows the longest and smallest V-V distances within
Figure 7. (a) Temperature dependence of ARPES leading
edge and longest vanadium-vanadium distance dmaxV−V . (b)
Temperature dependence of effective charge carrier density
at 120 meV, ARPES spectral weight at EF and shortest
vanadium-vanadium distance dminV−V .
the VS2 layer as the function of the temperature. Clearly
the shortest vanadium-vanadium distance drops and the
longest vanadium-vanadium distance increases concomi-
tantly below 200K. Figure 6c compares some representa-
tive vanadium tetramer clusters formed at 300K and 90K
(note that as the crystal is modulated the distances wi-
thin the tetramers and between the tetramers vary from
site to site). At low temperature the vanadium clusteri-
zation is strongly reinforced, i.e. the vanadium tetramers
get smaller, with one distance within the vanadium te-
tramer cluster dropping below 3ÃĚ. Concomitantly, some
V-V distances separating the vanadium tetramer clusters
(dashed line in figure 6c) get longer and can reach up
to 3.78 ÃĚ. Therefore, although a phase transition does
not occur, our structural investigation of (LaS)1.196VS2
demonstrates that a strong clusterization reinforcement
takes place in the vanadium atomic layer as the tempe-
rature decrease.
IV. DISCUSSION
Interestingly optical and ARPES features (gap, spec-
tral weight transfer) are intimately related to this cluste-
rization reinforcement. The ARPES gap nicely scale with
the largest V-V distance [Fig. 7(a)], while the spectral
weight deduced again from both ARPES or optics scale
with the smallest V-V distance [Fig. 7(b)]. This stron-
gly suggests that the evolution of the electronic struc-
6ral distortion. This behavior appears analogous to that
of a Charge Density Wave(CDW) system51,52 and sug-
gests that a strong electron phonon coupling is at play in
(LaS)1.196VS2. However, this misfit compound displays
two noticeable differences compared to known CDW sys-
tems. First, the periodicity of the distortion is not connec-
ted to the Fermi Surface topology but imposed by the
external potential of the LaS layer. Second, the ampli-
tude of the distortion is not fixed to a particular value
optimizing the energy balance between the cost of elas-
tic energy and the gain of electronic energy, but strongly
depends on temperature. A more adequate description
is likely the clusterization picture depicted in Fig. 6(c).
This will naturally create heterogeneous charge distri-
butions with electron localization preferrentially on the
vanadium clusters. The “degree of clusterization” seems
to be the key parameter governing the conductivity. We
have shown that temperature is obviously one parameter
that can control the degree of metallicity, and it is natu-
ral to wonder whether other parameters should also tune
this unusual insulating state50.
These findings shed some light on the non linear elec-
trical properties found in this system. First, it rules out
a mechanism based on the breakdown of a Mott insula-
ting state as previously proposed22. Conversely, it sug-
gests that the non linear electrical properties observed in
(LaS)1.196VS2 might share some common features with
that encountered in CDW systems51. However the non
linear properties associated with the depinning and col-
lective motion of the CDW appear above a threshold
field of the order of 0.01-0.1 V/cm52. This is two or-
der of magnitude lower than the threshold field obser-
ved in (LaS)1.196VS2 (around 50 V/cm)22. This discre-
pancy might be related to the strong pinning effect of
the LaS layer. But, on the other hand, the nonlinearities
in (LaS)1.196VS2 do not obey the Zener tunnelling law
commonly observed in CDW systems53 or for the stripe
depinning in La2−xSrxNiO416. In that respect, the ap-
pearance of the non linear properties of (LaS)1.196VS2
are more likely related to the release of a large number
of mobile charge carriers initially localized in the vana-
dium clusters than to a collective motion analogous to the
sliding of CDW. Interestingly, the observation of a Poole-
Frenkel mechanism (i.e., field assisted thermal emission of
carriers) for the non linearity in (LaS)1.196VS222 proves
that the release of carriers is intimately related to the
lowering of a thermal energy barrier by the electric field.
we have observed that the electronic structure is very
sensitive to changes of degree of vanadium clusterization
with temperature. Our work therefore suggest that the
electric field could have a similar effect than tempera-
ture. This effetc could weaken the vanadium clusteriza-
tion and subsequently reduce the localisation strengh on
these clusters. Such a mechanism would cause the break-
down of the insulating state and therefore easily explain
the non linear electrical properties of (LaS)1.196VS2.
V. CONCLUSION
Transport, ARPES, optical spectroscopy and x-ray dif-
fraction were combined to investigate in details the elec-
tronic structure of (LaS)1.196VS2. We found that, un-
like claimed in previous studies, (LaS)1.196VS2 is neither
a metal, nor a strongly correlated system, but behaves
like a narrow gap insulator at the verge of an insula-
tor to metal transition. The gap is small enough to pro-
duce pseudo-metallic behavior at 300K. At low tempera-
ture, band structure is dramatically modified, although
no structural transition occurs. Concomitantly, an opti-
cal gap of 120 meV opens. Such effects are explained by
unusually large structural changes, i.e. vanadium cluste-
rization, due to the peculiar incommensurate structure
of (LaS)1.196VS2. As a consequence, our results suggest
that non linear electrical properties of (LaS)1.196VS2 are
related to field assisted vanadium cluster reorganization.
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